Background: Dicer endonuclease, critical for maturation of miRNAs, is depleted in certain forms of cardiomyopathy which results in differential expression of certain microRNAs. We sought to elucidate the mechanisms underlying the rapid loss of cardiac function following cardiac-specific Dicer depletion in adult mice.
Introduction
Arrest of miRNA maturation by targeted deletion of Dicer is known to perturb cardiac development [1, 2] and cause pathological consequences [3, 4] . Significance of such observations is heightened by the report that Dicer deficiency is associated with specific forms of cardiomyopathy and heart failure in humans [4] . We sought to develop an understanding of the pivotal pathways that initiate cardiac failure in response to targeted Dicer deletion in the adult murine heart. Our strategy has been to delineate primary causative mechanisms by focusing on early onset changes in the adult heart following Dicer deletion, with the goal to be able to rescue using miRNAdirected intervention. This approach resulted in the identification of elevated miRNA-15b in the heart as a causative factor. MiRNA-15b was found to silence Pim-1 kinase, required for mitochondrial integrity and cardio protection. Taken together with the observation that most types of human heart failure are associated with elevated miRNA-15b [5, 6] , our findings recognize mitochondrial protection as a key mechanism in miR-15b targeted therapeutic approach for cardio protection.
Materials and Methods

Materials
The following materials were obtained from the sources indicated. Mice homozygous for Dicer-floxed (loxP) alleles were provided by Dr. Elaine Fuchs, The Rockefeller University, NY; B6129-Tg (Myh6-cre/Esr1)1Jmk/J (Jackson Laboratories); ethanol, corn oil, tamoxifen, 2, 2, 5, 5-tetramethyl-3-carboxylpyrrolidine-Noxyl (PCA); fetal bovine serum, complete Claycomb medium, fibronectin, gelatin, norepinephrine; L-ascorbic acid (Sigma Chemical Co., Milwaukee, WI); HL-1 cells were provided by William C. Claycomb., Louisiana State University, New Orleans, LA; antibiotic (penicillin, streptomycin), tetramethylrhodamine methyl ester (TMRM) (Invitrogen Corporation, Carlsbad, CA); culture dishes (Nunc, Denmark); mirVana TM miRNA isolation kit, SYBR green-I (Ambion, Austin, TX); Taqman assays and Taqman Universal master mix (Applied Biosystems, Foster City, CA); FlexmiR TM MicroRNA Labeling Kit (Luminex,Austin,TX); JC-1 dye (Molecular Probes, Eugene, OR); anti-Pim1 antibody, anti-Dicer, anti-ANT1(Abcam, Cambridge, MA), anti-ANF (LS Biosciences,Seattle, WA); DharmaFECT 1 transfection reagent, mmu-miRNA-15b mimic and mimic control (Dharmacon RNA Technologies, Lafayette, CO); lactate assay kit-K627-100 (Biovision Research Products, CA); secondary anti-Rabbit IgG (Amersham Pharmacia Biotech, Piscataway, NJ); MDA standards (TBARS assay kit, ZeptoMetrix Corp., NY); Anti-mmu-miR-15b Custom LNA TM Oligonucleotide (Exiqon Inc., MA); Pim1-39UTR plasmid (Signosis, Sunnyvale, CA); dual-luciferase reporter assay system (Promega, Madison, WI) miRCURY LNA TM microRNA Inhibitor Negative Control A (Exiqon Inc., MA).
Methods
Development of the transgenic mice. Mice homozygous for Dicer-floxed (loxP) alleles and transgenic B6129-Tg (Myh6-cre/ Esr1)1Jmk/J were crossed to generate double transgenic (Myh6-cre/Esr1-Dicer fl/fl ) mice. Adult male mice at 8 weeks of age (Myh6-cre/Esr1-Dicer fl/fl and control Dicer fl/fl ) were treated with vehicle (10%/90% vol/vol ethanol/corn oil) or tamoxifen (20 mg/kg body weight per day diluted in 10%/90% vol/vol ethanol/corn oil) by daily intraperitoneal injections for consecutive 5 days. Mice were housed in the institutional animal facilities with a 12-h light/dark cycle and controlled temperature, and allowed access to food and water ad libitum.
Measurement of cardiac function. MRI and echocardiography image acquisition and analysis was performed on all mice at the age of 8 weeks (17-21 g ). MRI and echocardiography image acquisition and analysis was performed on all mice at the age of 8 weeks (17-21 g) as described previously [7] . MR Imaging: Briefly, mice were anesthetized in an anesthetic chamber using 1.5% isoflurane in 95% oxygen and 5% carbon dioxide mixture. MRI set-up experiments were carried out on a Bruker 11.7T (500 MHz) MR micro-imaging system comprising a vertical magnet of bore size 30 mm (Bruker Biospin, Ettlingen, Germany). Quadraturedriven birdcage coils with inner diameters of 25 mm (Bruker Biospin, Ettlingen, Germany) were used to transmit/receive the NMR signals. Mice were imaged using a 30-mm1H-imaging probe after scouting for long-and short-axis orientation of the heart, using a k-space segmented cardiac-triggered and ECG gated FLASH sequence. Five-six slices (slice thickness 1 mm) were then acquired in short-axis orientation covering the entire heart. The imaging parameters: FOV (30 mm 2 ), matrix size 2566192 (2566256 reconstructed post imaging), TE/TR = 1.43/8 ms, NEX = 4, a flip angle of 15u and a Gaussian excitation pulse were applied in all experiments. Echocardiography experiments: Mice were lightly anaesthetized using 1.5% isoflurane in 95% oxygen and 5% carbon dioxide mixture, resulting in an average heart rate of 400 beats/min. A linear transducer was used for all the examinations as previously described [8] . The maximum penetration depth of this transducer is 1.2 cm with a centre focus at 6 mm. Ultrasound transmission gel was applied liberally on the anterior chest wall before scanning. A right parasternal short-axis view was used to visualize the cross-sectional view of left ventricle (LV). By inspecting the cine loop, the frames representing the largest and smallest cross-sectional LV m-mode images were selected as the systolic and respective diastolic phases of the heart. The mice underwent M-mode echocardiography using Vivid 7 Dimension (GE Healthcare, WI) equipment [8] . The standard echocardiogram included assessment of LV Ejection fraction (EF), Fractional Shortening (FS), LV myocardial mass and internal diameters at systole and diastole. The LV internal diameters were traced and measurements were carried out with equipment-inbuilt software.
Combined miRNA/total RNA isolation, miRNA profiling and reverse transcription. Total RNA including miRNA was isolated from ventricular tissue or HL-1 cells using mirVana TM miRNA isolation kit, according to the manufacturers protocol. Quality assessment of the total RNA was performed using Agilent 2100 Bioanalyzer. Prior to hybridization total RNA (8 mg) was labeled with biotin which was hybridized to LNA-modified capture probes coupled to beads. This was then bound to a streptavidin-phycoerythrin conjugate reporter molecule. Comprehensive profiling of all the mouse/rat miRs annotated in the miRBase 8.0 was performed using the FlexmiR TM MicroRNA Labeling Kit. Subsequent washing, hybridization and analysis of samples were performed according to the manufacturer. The final reading was obtained from a Luminex 200 analyzer and the Luminex IS Software Version 2.3. Data Normalization and data analyses were done using the software FlexMax_Beta_A02 [1] .29 and statistical significance was calculated using Student's t test. Specific Taqman assays for miRNA and mirVana qRT-PCR miRNA RT Kit were used with real-time PCR system and Taqman universal master mix. Levels of miRNA were quantified with the relative quantification method using snoRNA202 as the housekeeping miRNA. The transcription levels of the genes and housekeeping controls were detected using SYBR green-I and expression levels of miRNA and mRNA were quantified employing the 2(2DDct) relative quantification method.
Measurement of in vivo tissue redox status with localized
Electron Paramagnetic Resonance (EPR). In vivo tissue redox status was determined by EPR as described previously with modifications [9] . Briefly, 2,2,5,5-tetramethyl-3-carboxylpyrrolidine-Noxyl (PCA) was employed as the spin probe to generate a three-line EPR spectrum. The nitroxide solutions were prepared in PBS and kept frozen until use. PCA solution (10 mM, 20 ml) was intramuscularly injected into the left ventricular region. EPR spectra were acquired with a surface loop resonator placed on top of the heart. The lower field peak-height was monitored with time to determine the rate of probe reduction.
TBARS assay. As a marker of lipid peroxidation in the ventricular myocardial tissue, malondialdehyde (MDA) levels were detected by the thiobarbituric acid reactive substances (TBARS) method. TBARS assay was performed as reported previously [4] with some modifications. 25-50 mgs of myocardial tissue was ground in liquid N2 and was homogenized in methanol: Butylated hydroxytoluene (950 ul:50 ul). The homogenate was mixed with 1 ml PBS (pH 7.4) and 2 ml chloroform and vortexed for 1 min followed by sonication for 1 min and centrifugation for 5 min at 14000 rpm. The chloroform layer was collected in glass tubes and evaporated under nitrogen gas. 400 ul sodium dodecyl sulfate and 500 ul of thiobarbituric acid reagent was added and boiled for 1 hour at 95uC with glass marbles on the top of the tubes to avoid evaporation. Tubes were then removed and cooled on ice for 10 mins. They were then centrifuged at 3000 rpm for 15 minutes. The supernatant was removed and absorbance was read at 532 nm. Values were compared with MDA standards to determine the degree of lipid peroxidation in the tissue. Reduced (GSH) and oxidized (GSSG) glutathione assay. GSH and GSSG were detected in the ventricular myocardial tissues using an HPLC coulometric electrode array detector (CoulArray Detector, model 5600 with 12 channels; ESA Inc., Chelmsford, MA, USA) as described previously [10, 11, 12] . The CoulArray detector employs multiple channels set at specific redox potentials. Data were collected using channels set at 600, 700, and 800 mV. Samples were snap frozen and stored in liquid nitrogen until HPLC assay. Sample preparation, composition of the mobile phase, and specification of the column used were as previously reported [12, 13] .
Lactate measurement. Mice were euthanized; hearts were dissected out and the ventricular tissue was homogenized in the assay buffer provided with the Lactate Assay Kit (Biovision). Assay for lactate was done according to the protocol provided with the kit.
Preparation and incubation of mitochondria and measurement of respiration. Mitochondria extraction was done and respiration rates of cardiac mitochondria were determined immediately following isolation using a Clark oxygen electrode and an oxygen monitor (Yellow Springs Instrument, Yellow Springs, OH). Mitochondria was isolated as published previously [9] Mice were euthanized and the heart was dissected out and immediately placed in ice cold buffer (220 mM mannitol, 70 mM sucrose, 50 mM Tris-HCl, 10 mM EDTA, 50 mM KCl and 2 mgs/ml BSA, pH 7.4). After removal of extra ventricular tissue, the hearts were weighed and then two hearts were pooled together. They were sliced into very small pieces using a scissor and then finely minced using a polytron (5 sec bursts) in a volume of buffer 10 times the combined weight of the two hearts. Homogenization was accomplished using a Dounce homogenizer by two strokes of pestle A (larger), followed by three strokes of pestle B (smaller). After two washes, the final pellet was resuspended in buffer (250 mM Sucrose, 50 mM Tris-HCl, 3 mM EGTA, pH 7.4). All steps were performed at 0-4uC and without delay to minimize the potential for degradation during the isolation procedure. Mitochondrial protein concentration was determined spectrophotometrically using the Bradford assay. Mitochondrial respiration was measured as published previously [14] . All measurements were completed within 1 h. Succinate (10 mM) was used as substrate. State 3 respiration rates (ADPdependent oxygen consumption) were determined following the addition of 200 mM ADP, whereas the rates measured following the consumption of ADP as it was converted to ATP were taken as the state 4 respiration rates (ADP-independent oxygen consumption). Respiratory Control Ratio (RCR) was calculated as a ratio of State 3 to State 4 respiration.
Cell culture. Murine HL1 cardiomyocytes [15] were cultured in flasks coated with 12.5 mg/ml fibronectin and 0.02% gelatin maintained in Complete Claycomb Medium supplemented with 100 mM norepinephrine (consisting of 10 mM Norepinephrine dissolved in 0.3 mM L-ascorbic acid), 4 mM L-glutamine, 10% fetal calf serum, 100 units/ml penicillin and 100 mg/ml streptomycin at 37uC in a humidified atmosphere of 95% air and 5% CO 2 .
miRNA delivery to cells. Transfection of HL-1 cells was performed as described [16] . Briefly, HL-1 cells (0.15610 6 cells per well in 12-well plate) were seeded in antibiotic-free supplemented Claycomb medium 24 h before transfection. Dharma-FECT 1 transfection reagent was used to transfect cells with hsamiRNA-15b mimic ( Supplementary Fig. S3 ) as per the manufacturer's instructions. Transfection of miRNA mimic negative controls was performed for the control groups. Cells were harvested after 72 h of such treatment.
Dicer knockdown in cells. si-Dicer was used to knock down Dicer in cells using a standard transfection protocol. Reagents were obtained from Thermo Scientific (Supplementary Fig.  S3 ).
Measurement of mitochondrial membrane potential (DY).
Mitochondrial membrane potential changes were assessed using the lipophilic cationic dye JC-1 as reported previously [17] . Results (percentage of negative cells) were normalized to either non-transfected cells or cells transfected with the scrambled mimic control while CCCP treated cells were used as a positive control. TMRM assay Mitochondrial membrane DY was measured using the fluorescent lipophilic cationic dye TMRM, which accumulates within mitochondria in a potential dependent manner [18] . HL1 cells transfected with mir-15b mimic and after 72 h were reseeded on glass coverslips. Following 24 h of re-seeding, the cells were stained with 8 nM TMRM and 0.5 ml/ ml plasma membrane potential indicator (PMPI) for 30 min at 37uC in the dark. Cells were washed with PBS, and digital images of stained live cells were collected using a Zeiss Axiovert 200 M microscope [19] .
Measurement of in vivo mitochondrial membrane potential using TMRM staining. In vivo measurement of mitochondrial membrane potential was assessed using TMRM staining. Frozen sections were incubated with 50 nM TMRM solution in PBS for 15 minutes and red fluorescence was quantified under the microscope [20] .
Anti-miRNA-15b delivery. Mice were injected with tamoxifen or corn oil as described previously. LNA-modified antimiRNA-15b was administered through the tail vein at a dose of 80 mg/kg, 24 h prior to the first tamoxifen/corn oil injection. This was followed by three more injections at a dose of 40 mg/kg at 0 h, 24 h and 72 h after the first tamoxifen/corn oil injection. Echo and MRI imaging was performed on day 7 and the hearts were collected for RNA and protein analyses.
Mice were injected with tamoxifen or corn oil as described previously. LNA-modified anti-miRNA-15b was administered through the tail vein at a dose of 80 mg/kg, 24 h prior to the first tamoxifen/corn oil injection. This was followed by three more injections at a dose of 40 mg/kg at 0 h, 24 h and 72 h after the JC-1 assay first tamoxifen/corn oil injection. Echo and MRI imaging was performed on day 7 and the hearts were collected for RNA and protein analyses. Saline or a standard LNA TM microRNA inhibitor negative control was used as controls.
Western blots. Western blot was performed with primary antibodies against Dicer (1:400), Pim1 (1:500) and GAPDH (1:10,000).
Laser Microdissection and Pressure Catapulting (LMPC). Mouse heart samples (ventricles) frozen in optimum cutting temperature compound were cut into 10 mm-thick sections using a cryotome. The sections were placed on PEN-covered glass slides. and stained with hematoxylin to identify the cardiomyocytes as per method published by us before [21, 22] . LMPC was performed using a PALM MicroLaser system (PALM-Zeiss, Bernreid, Germany) containing a PALM MicroBeam (driven by PALM MicroBeam software) and a PALM RoboStage and, for high-throughput sample collection, a PALM RoboMover (driven by PALM RoboSoftware version 2.2). A typical setting used for laser cutting was a beam size of 30 mm and laser strength of 30 mV under a610 ocular lens. Mouse heart sections were placed on PEN membrane-covered glass slides (PALM Industries) that had been treated with RNAZap (Ambion, San Antonio, TX) as instructed by the manufacturer. Tissue areas of approximate size of 4610 6 mm 2 containing cardiomyocytes (approx. 1500 cells) were cut under a610 ocular lens and catapulted directly into 25 ml of an RNA lysis solution.
Immunohistochemistry. Formalin-fixed paraffin-embedded or OCT-embedded frozen specimens were sectioned and immunohistochemical staining of sections were performed. Image analysis software (Axiovision 4.3, Zeiss, Germany) was used to quantify fluorescence intensity (fluorescent pixels) and analyzed as a percent change in relative fluorescence unit (RFU). miRNA target reporter luciferase assay. HL1 cells were transfected with 100 ng of pLuc-Pim1-39UTR plasmid (Signosis) using Lipofectamine LTX/Plus reagent according to the manufacturer's protocol. Normalization was achieved by co-transfection with Renilla plasmid (10 ng). Cells were lysed after 48 h, and luciferase activity was determined using the dual-luciferase reporter assay system. Data are presented as ratio of firefly to Renilla luciferase activity.
Statistical analyses. Data are reported as mean 6 S.D. of at least three independent experiments as indicated in respective figure legends. Difference between means was tested by Student's t-test. Comparisons between multiple groups were made by analysis of variance. p,0.05 was considered statistically significant.
Ethics in animal research. For all animal work, approval was granted by Ohio State University's Institutional Animal Care and Use Committee (IACUC)and the investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. For euthanasia, animals were placed inside a closed chamber with a CO2 source tube connected to the chamber. CO2 gas was then be pumped into the chamber in a way to minimize stress to the animal until the animal was no longer breathing or showed signs of life. The animal was then removed and the neck was cervically dislocated to ensure death. This procedure was done within a ventilated hood.
Results and Discussion
Dicer Deletion in the Adult Heart Leads to Rapid Loss of Cardiac Function
Dicer deficiency is emerging as a key factor determining health outcomes in humans. Low Dicer expression has been reported in heart failure patients [4] . However, very little is known about the underlying mechanisms. To dissect the significance of Dicer in mammalian biology, several groups have disrupted the Dicer gene in different organs in mice [23, 24] .http://circres.ahajournals.org/cgi/content/full/100/8/ 1164 -R25-M150524#R25-M150524 Cardiac-specific deletion of Dicer leads to defects in heart development and embryonic lethality [1, 4] , demonstrating that Dicer is necessary for murine development. In order to study the effects of Dicer depletion in adult heart, we developed a double transgenic Myh6-cre/Esr1-Dicer fl/fl mice by breeding mice with a floxed Dicer allele [25] with mice expressing a tamoxifen-inducible Cre recombinase protein, flanked on each end with a mutated murine estrogen receptor ligand binding domain, under the control of the cardiac-specific murine alpha-myosin heavy chain (Myh6) promoter. Intraperitoneal tamoxifen injection (once daily, 5 consecutive days) activated the Cre recombinase resulting in Dicer null mice (Dicer 2/2 ). The Myh6-Cre mice were obtained from Jackson Laboratories and efficacy of the Cre driver is available on their website (The Myh6-cre mice were obtained from Jackson Laboratories. Information regarding the efficacy of the Cre-driver is available on their website (http://cre.jax.org/ Myh6-creEsr1/Myh6-creEsr1.html) and also characterized in literature [25] . The control set (Dicer +/+ ) was generated by injecting littermates with equivalent amount of vehicle (ethanol/ corn oil) (Fig. 1A) . Within 7 days from the start of tamoxifen delivery, Dicer protein was reduced by 65% (Fig. 1B) . Long and short axis serial 11.7T MRI images and M-mode echocardiography demonstrated (Fig. 1C-D and Supplementary Movie S1 and S2). Objective assessment of the MRI and echocardiography data consistently demonstrated significant (p,0.05, n = 5) decline in cardiac function as manifested by decreased fractional shortening, lower ejection fraction and increased left ventricular myocardial mass (Fig. 1E ) and left ventricular internal diameter (Supplementary Fig.  S1 ). No change in wall thickness was observed. These were not manifested in wild type mice injected with equal dosage of tamoxifen (Fig. 1F) .
Along with induction of hypertrophy and functional defects, we also observed myofiber disarray and initial signs of onset of fibrosis ( Supplementary Fig. S2 ) upon loss of Dicer in the adult murine myocardium and is consistent with other studies reported while this work was in progress. [3] .
Dicer Deletion in the Adult Heart Leads to Oxidative Stress and Mitochondrial Dysfunction
Hypertrophy and cardiac failure has often been associated with mitochondrial dysfunction and oxidative stress [26, 27, 28] . Mitochondrial energy deficiency is known to underlie dilated cardiomyopathy characterized by early mechanical dysfunction followed by a decline in left ventricular systolic function [29] . We therefore wanted to determine the redox and mitochondrial health of the Dicer depleted hearts. Redox state of the Dicer deleted adult heart was determined by EPR spectroscopy. After intramuscular injection of 2, 2, 5, 5,-tetramethylpyrrolidine-1-oxyl-3-carboxylic acid (PCA) to the heart, decay of nitroxyl radicals was studied. A faster decay in Dicer deleted hearts was seen that has been considered indicative of a higher abundance of reactive oxygen species [9] (Fig. 2A-C, p,0 .05, n = 3). This observation was consistent with elevated lipid peroxidation ( Fig. 2D; p,0 .05, n = 3) and glutathione oxidation ( Fig. 2E; p,0 .05, n = 4), indices of oxidative stress, in the hearts of Dicer 2/2 mice. Consistent with this observation demonstrating impairment in oxidative metabolism it was noted that lactate levels in the heart of Dicer 2/2 mice were significantly higher ( Fig. 2F; p,0 .05, n = 4). Overt oxidative stress in Dicer-deficient hearts evident in this study pointed towards underlying mitochondrial dysfunction [28, 30] . In order to further elucidate the cause and effect relationship, we used beating HL-1 cells which have been demonstrated be physiologically and functionally similar to adult cardiomyocytes [15, 31] . Knocking down Dicer in HL-1 cells using a siRNA compromised mitochondrial membrane potential (determined by TMRM fluorescence) (Fig. 3A) . To further confirm the in-vitro findings, we performed in-vivo TMRM staining on Dicer +/+ and Dicer
2/2
heart sections and observed similar results (Fig. 3B) . We analyzed mitochondrial structure by transmission electron microscope and observed a loss of mitochondrial structural integrity in cardiac tissue from Dicer 2/2 mice (Fig. 3C) . Indeed, Dicer deficient cardiac tissue showed evidence of matrix swelling represented by greater inter-cristae space and sometimes unfolded cristae localized at one pole of the organelle as compared to intact cristae uniformly distributed across the organelle in Dicer +/+ tissue. This contention was supported by analysis of respiration of isolated heart mitochondria which led to the observation that the respiratory control ratio (RCR) was significantly decreased (p,0.05, n = 5) in cardiac mitochondria from Dicer 2/2 mice compared with Dicer +/+ animals ( Fig. 3D-E) . Taken together, these findings demonstrate that Dicer deletion induced loss of cardiac function of the adult heart is associated with mitochondrial dysfunction and oxidative stress.
Cardiac Specific Dicer Deletion Leads to Early Onset Changes in Specific miRs
Dicer supports microRNA biogenesis. The observation that Dicer-deletion in the adult heart caused early onset mitochondrial dysfunction led to the search for miRNA-dependent pathways targeting mitochondrial function in the heart. The current work capitalizes on the observation that the onset of cardiac pathologies and dysfunction after conditional Dicer deletion in adult hearts is rapid, such that overt functional deficiencies are manifested in the first week. miRNA profiling was performed at such early timepoint in order to identify the primary factors underlying cardiac dysfunction following Dicer deletion. We identified 39 miRNAs (out of 327 listed in miRbase 8.0) which significantly changed (p,0.05, n = 3) after the first week of tamoxifen injection (Fig. 4A) . Of the 39 candidate miRNAs identified, 7 were elevated while 32 were depleted. Results were confirmed using QPCR (Fig. 4B) .
A possible explanation for such a few being significantly changed can be explained by our study design. First, our approach led to 65% reduction in Dicer activity. The residual Dicer function is likely to prevent rapid depletion of all miRNAs and the model from being more toxic. Second, to identify the key causative factors underlying cardiac dysfunction following Dicer deletion the study design was focused on capturing miRNAs at an early time point, when only a few miRNAs were significantly changed, thus avoiding a more toxic effect, but enough to observe the effects. Additionally, as the literature will support [3, 4, 32] , tissue miRs have been reported to be both up regulated and down-regulated in the short term following Dicer deletion. A possible explanation for the up-regulation of miRs may be as follows: (i) certain miRs have a much longer half-life as compared to others [33, 34, 35, 36, 37, 38] ; (ii) because Cre is expressed only in heart muscle (MHCMerCreMer), Dicer will be depleted only in the cardiomyocytes following tamoxifen treatment. As suggested previously [3] , it is possible [39] , [40] , [41] that miRs upregulated in non-myocyte cells may get transported across cells and cause gene silencing in myocytes [39] , [40] , [41] . Further studies are required to elucidate the mechanism behind this phenomenon and is beyond the scope of this paper.
Elevated miRNA-15b Silences Pim-1 Kinase
We screened for miRNAs targeting mitochondrial function among the significantly differentially expressed miRNAs, using publicly available prediction softwares like TargetScan TM v 5.1
and Pictar TM . In our search, elevated miRNA-15b emerged as a key candidate as it was computationally predicted to silence some key proteins like Pim-1 kinase, ESRRG, Mfn-2 which are required for preserving proper mitochondrial function and integrity. We used laser capture microdissection [22, 42, 43, 44] to confirm that miR-15b was indeed elevated in cardiomyocytes. We recognize that the other differentially expressed miRs may also play a significant role in development of the pathology in Dicer deleted hearts and needs to be investigated as a future work. Our study was directed to Pim-1 kinase, silencing of which is known to directly cause cardiac dysfunction. Pim-1 is a crucial requirement for downstream cardio protective effects of Akt signaling [45] . Increase in Akt abundance and phosphorylation after pathological injury by infarction or pressure overload does not protect the myocardium in Pim-1-deficient mice [45] . Loss of Pim-1 also prevents the long term structural and functional benefits obtained from cardiac progenitor cell based therapies indicating its importance in myocardial repair and regeneration [46, 47] . Transgenic over-expression of Pim-1 in the myocardium protects mice against infarction [45] . Specifically, Pim-1 kinase is required for preserving mitochondrial integrity in cardiomyocytes [48] , and also blunts cardiac hypertrophy [49] . Pim-1 kinase over-expression also reduces calcium mediated mitochondrial swelling, t-bid-induced cytochrome-C release and peroxide-induced membrane depolarization [50] . Pim-1 inhibits apoptosis-related mitochondrial dysfunction [51] and Pim-1 inhibition results in apoptosis and is closely related to the decrease in Akt and Bad phosphorylation and increase in cleaved caspase-3/29 activities [52] . Delivery of miR-15b to HL-1 cells using a mimic compromised mitochondrial membrane potential (TMRM fluorescence) similar to what was observed upon Dicer knockdown (Fig. 5A,B) . Mitochondrial membrane potential changes were also assessed using the JC-1 assay which demonstrated that over expression of miRNA15b in HL-1 cells compromised DY (Fig. 5C,D) . Pim-1 kinase protein level was observed to be low in heart tissue isolated from Dicer 2/2 mice by western blot (Fig. 6A , p,0.05, n = 6) and immunohistochemistry (Fig. 6B) . HL-1 cells transfected with si-Dicer showed lower Pim-1 protein expression. This effect was ameliorated when cells were co-transfected with a miRNA15b inhibitor pointing towards a direct role of miRNA-15b in silencing Pim-1 (Fig. 6C, p,0 .05, n = 3). In order to validate whether miRNA-15b silences Pim-1 kinase, HL-1 cells were transfected with miRNA-15b mimic and lowered Pim-1 kinase protein levels was observed ( Fig. 6D ; p,0.05, n = 6). To validate the direct binding between miRNA-15b and the Pim-1 39 UTR region, miRNA target reporter luciferase assay was performed using the pLuc-Pim1-39UTR plasmid (Fig. 6E) in HL-1 cells. 40% reduction of luciferase activity from the pLucPim1-39UTR plasmid was observed in miRNA-15b mimic transfected HL-1 cells compared with control (Fig. 6F) . No reduction in luciferase activity was observed using a mutated pLuc-Pim1-mutated 39UTR (Fig. 6G) . Thus, elevated levels of miRNA-15b silence Pim-1 kinase which may be causatively linked to the observed mitochondrial dysfunction in Dicer deleted heart of adult mice.
miRNA-15b also silences ADP-ribosylation factor-like 2 (Arl2), thus compromising cellular ATP levels [53] and therefore, miRNA-15b appears to have a multi-pronged damaging effect on mitochondrial integrity. Of interest, high miRNA-15b is known to be associated with most common types of human heart failure [5, 6] .
Suppression of Elevated miRNA-15b Rescued Function of Dicer-deleted Adult Heart
In order to verify whether, suppression of elevated miRNA-15b, can prevent cardiac dysfunction, we delivered a LNA (locked nucleic acid)-modified anti-miRNA-15b (15mer) through tail vein injection starting one day prior to the beginning of tamoxifen injection. The delivery was successful resulting in significant (p,0.05, n = 5) decrease in miRNA-15b levels in Dicer-deleted adult hearts (Fig. 7A) . Cardiac functions were analyzed on day 7 post tamoxifen injection. Anti-miRNA-15b treatment resulted in significant improvement (p,0.05, n = 5) in cardiac function as recorded by M-mode echocardiography and long-axis (Fig. 7B-C and supplementary movie S1 and S2) as well as short-axis MRI (Fig. 7D) . In response to anti-miRNA-15b treatment, Dicerdeleted adult murine hearts showed improved fractional shortening (Fig. 7E-i) , ejection fraction (Fig. 7E-ii) as well as lower LV mass (Fig. 7E-iii) indicative of attenuated cardiac hypertrophy. No significant change in cardiac parameters were observed upon injecting this anti-miRNA into wild type Dicer +/+ mice (Fig. 7F) . Dicer 2/2 heart exhibited increased ANF expression, a recognized marker of cardiac hypertrophy which wasn't observed in antimiRNA-15b treated hearts and was consistent with MRI and Echo results (Fig. 8B,F ) Loss of Pim-1 in adult Dicer-deleted hearts was attenuated in response to anti-miRNA-15b treatment (Fig. 8C,F) . Another mitochondrial marker, ANT-1 [54] , was noted to be depleted in the myocardium of Dicer 2/2 mice while such adverse impact was significantly abrogated in response to anti-miRNA-15b treatment (Fig. 8D,F) supporting a role of elevated miRNA-15b in causing mitochondrial injury. Intact mitochondrial cristae structure was also observed in anti-miR-15b treated Dicer deficient hearts. Total mitochondria was classified as belonging to Class I/II (healthy mitochondria) or Class III/IV (reptured or damaged mitochondria) [55] (Fig. 8G,H) . Hematoxylin/Eosin staining revealed overt histopathological changes such as hypertrophied myofibers and myocyte disarray which were not observed when treated with anti-miRNA-15b (Fig. 8E) . In order to test the specificity of the LNA in the context of elevated miR15b, a standard LNA TM microRNA inhibitor negative control was injected through tail vein and Dicer was knocked out as described above. The negative control could not lower elevated miR-15b levels and all the animals died within 3 weeks of Dicer depletion indicating, no rescue of phenotype ( Supplementary  Fig. S4 ).
It needs to be discussed here, that there seems to be a gap between the in-vitro results obtained from HL-1 cells which are of atrial origin and the in-vivo results which relate to ventricular function. Dicer depletion in adult mice displays similar phenotypes in the atria and the ventricles such as atrial enlargement [56] . HL-1 cells are an immortalized cell line and have adult cardiac, morphological, biochemical and electrophysiological properties, including contraction and biochemical response [15] . Cultured HL-1 cells express a-cardiac actin similar to adult mouse ventricle cells [15] . MicroRNA expression profile in HL-1 cells also has clear similarities to that of cardiac left ventricle and no difference was found in miR-15b expression [57] . Because of these attributes, even though HL-1 cells were originally derived from atrial myocytes, they have proven to be useful as a general model for studying contracting (working) cardiomyocytes because of their organized structure and ability to contract in culture [31] . They have been used as a cell culture model in numerous studies including apoptosis [58, 59, 60, 61] , cell-cycle [15] , electrophysiology [62, 63, 64] , oxidative stress [65, 66] , signal transduction [67, 68, 69] , transcriptional regulation [65, 66, 70] and cellular transplantation [71] . However, it should be noted, that the results obtained are in adult cardiomyocytes and may differ for pre-natal or post natal myocytes. This is because, we used a genetic approach of Dicer depletion in the adult mice under the control of Myh6 promoter and Myh6 expression is higher in atria than in myocytes just before or after birth [3, 32] .
Taken together, these data point towards the hypothesis that strategies targeting the management of elevated miRNA-15b in Dicer-deficient hearts may help avert mitochondrial dysfunction and retain cardiac function.
Conclusions
Elevated miR-15b as an early response to Dicer depletion silenced Pim-1 kinase resulting in mitochondrial dysfunction. Rescue experiments demonstrated that suppression of miRNA15b induction in Dicer-deleted adult hearts result in marked amelioration of cardiac dysfunction. The significance of this observation is heightened by the reports that both Dicer deficiency [4] and elevated miRNA-15b [5, 6] is associated with many forms of cardiomyopathy and heart failure in humans. This study points towards miR-15b being one of the key miRNAs that represents a major hub regulating heart function. A recent study demonstrates that specific targeting of miR-15b alone has yielded positive results in protecting the heart against ischemic injury [72] . Since Dicer deficiency is common in other forms of heart failure, strategies to antagonize elevated miRNA-15b in the ailing heart may therefore present a broader scope and represent an efficient therapeutic approach which is worthy of consideration for clinical development. 
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